A bipolymer maleic anhydride-methyl acrylate (MAMA) was synthesized from maleic anhydride and methyl acrylate based on molecular design. MAMA further reacted with oleylamine or octadecyl alcohol to generate two comb polymers called Oleamide-MAMA (NMAMA) and Octadecanol-MAMA (OMAMA), respectively. The structure of both the polymers was confirmed by their infrared spectral analysis (IR), gel permeation chromatography analysis (GPC) and differential scanning calorimeter (DSC). Moreover, the pour point depressing (PPD) properties of these comb polymers were examined experimentally. Experimental results showed that besides the molecular weight and concentration of the polymers, the length of side chains and the number of functional groups also had depressants were the key factors for improving the pour point depressing properties. These results suggest that both OMAMA and NMAMA are potential pour point depressants for industry.
.
In this paper, one bipolymer called MAMA was first synthesized from maleic anhydride and methyl acrylate. Then MAMA reacted with oleylamine or octadecyl alcohol to produce two comb polymers NMAMA and OMAMA, respectively. The structures and properties of the three polymers were studied by infrared spectroscopy, gel permeation chromatography (GPC), differential scanning calorimetry (DSC) and scanning electron microscopy (SEM) (Lehn, 1995; Soni and Kiranbala, 2010; Tang et al, 2009; Zhu, 2012) . The paraffin crystallization behavior and pour point depressing properties of the crude oil were also studied from the aspects of polymer functional groups, polymer structures and thermal stability.
Experimental
F r e e r a d i c a l p o l y m e r i z a t i o n s a r e m a i n l y b u l k polymerization, solution polymerization, emulsion polymerization and suspension polymerization (Pan, 2007) . Considering the difficulty in operation of their technological processes, the solution polymerization and emulsion polymerization are usually adopted (Beristain et al, 2012; Allan et al, 2012) ; They are also suitable for the copolymerization of acrylic ester and maleic anhydride. But in emulsion polymerization method, it is not easy to
Introduction
With the rapid development of industry worldwide, the demand for crude oil and the production of crude oil is increasing year by year. But most of the oilfields are in the mid-late recovery stage, and the proportion of paraffin wax in crude oil is increasing rapidly, resulting in the crude oil having high viscosity and bad flow performance. The increased viscosity makes crude oil production and pipeline transportation more difficult. Therefore, development of technology for high viscosity crude oil transportation has become an important issue (Yang, 2006; Tokuma et al, 2003) .
Currently, crude oil pour point depression is used to solve these problems (Wang et al, 2007; Prahl, 2000) . For low-viscosity crude oil, most pour point depressants are synthesized based on ethylene vinyl acetate (EVA) polymer. For high-viscosity crude oil, although the study of pour point depressants based on acrylic ester and maleic anhydride copolymers have been reported (Du et al, 2012) , but studies on the effect of functional groups, polymer structure and thermal stability on the paraffin crystallization process are still relatively limited (Deshmukh and Bharambe, 2009;  control the molecular weight of the polymers, and polymers with large molecular weight usually have bad oil solubility. Therefore, we adopted the solution polymerization method (Galicia et al, 2011; Frauendorfer and Hergeth, 2011) in this work.
Raw materials
The materials used in experiment are shown in Table 1 . 
Experimental device
The experimental device is shown in Fig. 1 
Preparation of NMAMA
The mixture of MAMA polymers and oleylamine (in a molar ration of 1:2) were dissolved in tetrahydrofuran (THF), and reacted at 20±0.5 °C for 20-32 h under vigorous stirring. Then excess hexane was added in 10:1 volume ratio and a white precipitate (crude product of polymer NMAMA) was obtained. The product was further purified 3 times in an excess THF, and dried under vacuum at 50 °C for 24 h. The reaction of the three copolymers can be given as follows: 
Preparation of MAMA
The mixture of acrylic acid methyl ester and maleic anhydride (in a molar ratio of 1:1) was dissolved in benzene in a polymerization reactor which was equipped with a nitrogen inlet. Then it was heated to 60-80 °C for reaction for 18 h with an initiator ABIN (1 wt%) while being stirred. Finally, the reaction product was added to excess petroleum ether, and the resultant white precipitate was the product polymer MAMA. The reaction of the three copolymers can be given as follows.
Preparation of OMAMA
The polymer MAMA was added to molten octadecyl alcohol, and reacted at 100-110 °C for 8-12 h under vigorous stirring. Then the reaction product was added to ethanol, and the unreacted octadecyl alcohol was removed by ultrasonic cleaning at 60 °C. Finally, the obtained product was dried under vacuum at 50 °C for 24 h. The reaction of the three copolymers can be given as follows:
Characterization and analysis of pour point depressants 2.6.1 Infrared spectrum
The sample for infrared spectrum analysis was prepared by the KBr disk method. The infrared spectrum analysis was carried out with a Tensor 27 Fourier transform infrared spectrometer made by Bruker, Germany. The resolution ratio was 4 cm -1 , and the number of scans was 64.
Gel chromatography
Gel chromatography analysis was performed with a Waters 2410 Gel permeation chromatograph (GPC) (Waters Company, USA), which was equipped with a Waters 515 system, a 2410 refractive index detector and two styragel gel columns, and calibrated with narrow molecular weight polystyrene standards, to estimate the molecular weights and polydispersity of the synthesized polymers. THF was used as a mobile phase at a flow rate of 1.0 mL/min. The concentrations of polymer samples were in the range of 2.0-3.0 mg/mL, and the injection volume was 50 μL for each analysis. The temperature of columns and detectors was maintained at 35 °C.
Differential scanning calorimetry
The differential scanning calorimetry analysis was conducted with a DSC822e (Mettler Company, Switzerland) at a flow rate of N 2 of 50 mL/min, and the increasing temperature rate of 10 °C /min.
Scanning electron microscopy
The scanning electron microscopy was conducted with a SEM JSM-7600F (JEOL, Japan) at an acceleration voltage of 5-30 kV, and an electron beam current of 10 -13 -2×10 -9 A.
Evaluation of pour point depressing
The samples for evaluation of their pour point depressing properties were prepared by a typical standard method (Chen et al, 2010) . Polymer was dissolved in xylene to make different concentrations of mother liquor. The mother liquor was added into crude oil (1.5 mL mother liquor per 10 g crude oil), and then the mixture was heated to 45 °C and kept at 45 °C for 30 minutes under vigorous stirring. Using a petroleum product solidifying point tester SYD-510G(Shanghai Changji Chemical Instruments Company, with an accuracy of 0.1 °C), the pour point was determined according to method SY/ T0537-2008.
Results and discussion
3.1 Structural characterization of pour point depressants 3.1.1 Infrared spectrum Fig. 2 shows the IR spectrum diagram of MAMA, NMAMA and OMAMA. It can be seen that, for MAMA, the appeared at around 2,962 cm vibrations of ester groups were at 1,744 cm and 1,161 cm , respectively. The absorption peaks of maleic anhydride appeared at 1,858 cm and 1,789 cm . While the absorption near 2,300 cm belonging to the initiator disappeared, implying that the initiator was exhausted. It suggests that the two reactants were totally polymerized to the product, MAMA (Zhou, 2000; Zhang, 2006) .
For NMAMA (see Fig. 2 ), the peaks at 2,926 cm and 2,866 cm methyl and methylene groups, and the absorption peaks at 1,736 cm and 1,168 cm stretching vibration. The peaks belonging to MAMA (1,858 cm and 1,789 cm shown in Fig. 4 ) disappeared. The characteristic band at 1,568 cm was the absorption of C=C stretching vibration of the product introduced by reactant oleylamine. The absorption peaks at 1,062 cm and 1,664 cm were attributed to the existence of amide. This spectrum showed that oleylamine and MAMA were completely reacted, and polymerized to NMAMA.
For OMAMA (Fig. 2) , the bands at 2,921 cm and 2,848 cm ester appeared at 1,710 cm and 1,063 cm . The absorptions at 1,858 cm and 1,789 cm belonging to the anhydride of NMA disappeared, indicating that MAMA was converted to product, and the octadecanol was introduced into OMAMA. 
Gel chromatography
The molecular weights (Mw) of three polymers were all of the order of a hundred thousand, and their dispersancy indexes were in the range of 2.5-2.6. But the molecular weight of OMAMA is smaller than that of NMAMA. Moreover, octadecyl alcohol and oleylamine have almost the same relative molecular weight, indicating that the anhydride ring of NMAMA can be opened and grafted (Hagel, 2011; Kostanyan and Voshkin, 2011) . 
Differential scanning calorimetry
From the aspect of molecular structure, the glass transition is one relaxation phenomena of the amorphous part of polymers from frozen to plastic condition. At a temperature lower than glass transition temperature (T g ), polymers are frozen and the molecular chains and partial chains are hard to move. Under the same experimental conditions, the T g is the structure of polymers. The corresponds to a low T g (Sabadini et al, 2010) . The glass transition temperature (T g ) of MAMA is 130 °C. However, the T g of NMAMA and OMAMA are 115 °C and of OMAMA molecular chains is better than that of NMAMA, attributed to the existence of hydrogen bonds between the carboxyl groups of OMAMA (Hutchinson , 2009).
. 2 P o u r p o i n t d e p re s s i n g p ro p e r t i e s a n d mechanisms of polymers 3.2.1 Molecular dynamical simulation of pour point depressants
In crude oil, the precipitation of paraffin wax is formed through a three-dimensional network structure at low temperature (Yi and Zhang, 2011; Dilawaravk and synthesized in this paper, which are accompanied with intermolecular hydrogen bonds. Because hydrogen bonding molecules can be combined more easily with hydrogen bonds. This has an effect on paraffin morphology and the forming process of its network structure, preventing or weakening the formation of three-dimensional network structure (Olayo et al, 2004) . As a result, the polymers have excellent pour point depressing properties.
A simulation model was created in a virtual cube box with a 6.0 nm side, comprising 10 comb polymers NMAMA and xylene as solvent molecules. The virtual temperature was set to 303 K, and the Construction tool in Amorphous Cell Tools module was used to build the model. The initial and simulated structures of polymers were compared under the COMPASS The micro behavior of comb polymers can be studied through the aggregation structure. As is shown in Fig.  4 , system molecules had a certain aggregation after a long dynamic simulation. The main driving force for the bonds. Therefore, the properties of polymers' energy were studied during the process of dynamic molecular simulation.
The model was optimized using the Minimize tool, and then the Dynamics tool in the Discover Tools module was used for molecular dynamic calculation. The kinetic parameters were set as follows: NVT system of 303 K, number of steps of 10,000, time step of 1.0 fs, dynamics time of 10.0 ps, frame output every: 50 steps.
paraffin morphology and the forming process of network structure, subsequently preventing or weakening the molecular dynamical simulation result in Fig. 5 showed that, the potential energy gradually increased to a stable value, however, the non-bond energy was relatively small and did To sum up, molecules had a certain aggregation after the long dynamic simulation; the potential energy gradually increased to a stable value, and structure became stable. So theoretically the polymers have pour point depressing properties. 
Pour point depressing
The crude oil used in experiment was from the Daqing oil is 0.26 MPa, the pour point of crude oil is 38 °C, and wax content in crude oil is 29.9%. Fig. 6 shows the relationship between the concentration Simulation time, fs
Potendal Energy Nonbond Energy of polymers and the pour point of crude oil. It can be seen that the pour point of crude oil decreased with increasing concentration of the polymers. When the concentration of the polymers was equal to or larger than 2,000 ppm, the pour point temperature of crude oil changed very little. Therefore, the optimal concentration of polymers is 2,000 ppm. The pour point of crude oil was decreased by only 2.0 °C with MAMA, whereas it was decreased by 4.3 °C with NMAMA properties.
Pour point depressing mechanisms of polymers
The solubility of polymers can be reduced because of their long side chains, while polymers with short side chains have high solubility that can efficiently prevent the short side chains in the NMAMA and OMAMA structures. If the polymers contain only long carbon chains, under normal circumstances, it will be of a spiral structure and cannot provide attachment points for paraffin crystallization. The combination of short and long chains in a polymer's structure gives it with good solubility in crude oil, as a result, polymers prepared in this work had good pour point depressing effect as crude oil additives even at low temperature.
provide sufficient points for the crystallization. Second, the carboxyl groups and the other side chains can form strong hydrogen bonds, which can reduce the glass transition temperature of the polymers. The hydrogen bonds can provide different attachment points for paraffin crystallization, and crystallize by itself, and not hinder the flowability of crude oil. The SEM photographs of the three samples (MAMA, NMAMA and OMAMA) are shown in Figs. 7, 8 and 9 . The snow-like picture of MAMA indicated the crystallization of paraffin. The pictures of OMAMA and NMAMA were of small-and-uniformly-distributed particles, showing the MAMA was added to crude oil. However, when OMAMA or NMAMA was added to crude oil, the paraffin crystals became to be small-and-uniformly distributed particles due further crystallization and reducing the pour point of crude oil. 
Conclusions
In this study, two novel comb polymers OMAMA and NMAMA were synthesized by changing the MAMA branches and polar functional groups. Their structures were characterized by IR and GPC. Then the pour point depressing properties and mechanisms of polymers were studied by DSC and SEM. Results show that, besides the molecular weight and concentration of polymers, the length of side chains and the molecular structures of depressants are the key factors to improve the pour point depressing properties. These results suggest that both OMAMA and NMAMA are potential pour point depressants for industry.
